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Abstract - This paper is largely tutorialinn ture and provides an over view of the microwave dielectric
properties Of certain natural terrestrial cdialssils and vegetation) andrece ntresults in estimating these
propertics remotely from airborne. andorbitalsynthetic aperture radar (SAR). Sections present (1)
inst umentation for laboratory and irsite e cnvntof therelative dielectic constant, (2) a synopsis of
laboratory measurements, (3) examples of ir sitiz ineasurements, (4) the relationship between dielectric
propetties and radar backscatter, and (5) asvimnans of rece nt progress in estimationof surface dielectric
properties from SAR observations.

1.0 Introduction

The dielectric resonance of both pureanisaline water lies in the mictowave portion of the
spectrum, and the relative dielectric constantof ligenwater canbe 1to 2 orders of magnitude greater than
anhydrous terrestrial media. Hence, the microwav dielectiic constant iS very sensitive to water content
and can be highly diagnostic of othersystonatibu -« There are secondary dependencies of the dielectric
constant on dry density, chemical compositiorandithztempesature of tile. medium.

Because of the near-transpartincy of the atiosphere, the. potentials of active. radars (scatterometers
and imagers) and passive radiometers haveb: en (214 continue to be) explored for earth observation. The
emission and scattering behaviors of anicdivn are contiolled by Iwo sets of factors: (1) the geometrical
properties describing boundary conditons ad (23 dielectric propeities. Most theoretical developments
have concerned description of the, forwardproblein, thatissolving for scattering and emission as functions
of media properties, whereas the inverse problenis of greate st interest to the application of remote sensing
techniques and has received less attention to date  “IThe key in the inverse problem is often to decouple the
geometric (structural) effects of the medivinfionnthidielec [1ic effects cm the measured signal.

2.0 Instrumentation for Dielectric Mexsul ericats

Several methods may be usedtoincasuedielectric properties of natural media and include
transmission, reflection, and resonancetcchnigues. The development of automatic network analyzers and
sweep frequency measurement techniques hiasleadto the development of faster measurement techniques.
Emphasis is place.d on techniques specificaly suit-ble for vegetation and soil media. Most transmission
techniques utilize either a wave.guide orafree-spiac, system. Jhe amplitude and phase of the transmission
coefficient through a substance of unknowndizlecric constantismeasured and an iterative procedure is
used to express the unknown dielectiic constiniini -1 ms of the propagation constant of the dielectric filled
sample holder. Yull details of the proceduica e pivean [1].

Reflection techniques utilize slotieilines coaxial probe systems. These methods measure the
magnitude and phase of the reflection ¢, oiicientatthe end Of a transmission line and relate it to the



diclectric constant of the medium placed at tic cnd of the ransmission line. Broadhurst [2] utilized a
slotted line system in which he measured dicl ctric onstant by relating it to the adinittance of a coaxial
transmission line with the materia specinien 0 cupy 1ig some oOf the space betweenthe coaxial conductors.
The measurement of the admittance of « co xwsl hine is eguivalent [0 the measurement of reflection
cocefficient a the same plane of refercnce Opai-cudcl coaxial lines have been used successfully by many
rescarchers [3-5). This approach applies a st-ndarnd ieflection coefficient measurementsystem with the
probe tip in contact with the dielectric sarpleating athe tenination load.

Resonant cavities may also be applicdiome:-ure dielectric constant in (he. filled-cavity approach,
the diclectric constant of a materia is detciinmed b, theshiftin theresonant frequency and the quality
factor of a resonant cavity [6]. Althoughthecieticaly (his technique is straightforward 10 apply. from a
practical standpoint it may bc very difficultto compl:tely fill the resonant cavity with the solid dielectric
material (e.g. Vegetation) withoutsomeairpachet remaining. This complicates the inference of the
dielectric constant of the material.

The paridly-filled cavity techuigue,aisebnown as the perturbation technique, makes usc of small
changes in the cavity’s resonant frequency attainable by proper sclection of the sample size. The derivation
is based on the assumption that either the samp! size wnits dielectiic constant issmall enough that the field
structure inside the cavity is not substantially changed by inst.) tion of the sataple. The shape of the sample
is also an important factor in determining thesppropiste forunuvla to be used. Spheres, discs, and needles
are the most commonly used shapes.

Various techniques have been applicdfori situ characterization of the dielectric properties of
vegetation canopices. For measurement of vegetation dielectie constant, the waveguide and filled cavity
techniques arc not suitable because it is notpo.siblets avoid air gaps between the vegetation sample and
the measurement assembly. Also, it iS impossilletoahieve the stnooth surface required of the sample for
free-space. systein measurements. Slotted li ne e né parelly filled cavity measurements always suffer from
inaccuracies in thickness measurements of the sariple. Soil and vegetation dielectric properties arc
typically monitored using time domainieflcctomnsty ¢recoaxial probe systems.

A field portable dielectric probe (PDP i Las beendeveloped andmarketed by Applied Microwave
corporation {7] and has proven very uvscfulininany rimote sensing studies in which microwave dielectric
properties of vegetation and soil musthechiate;7ed. The PDP has proven useful in characterizing
dielectric propertics in a number of studies [£10] H weveritis aninefficicntinstrument for purposes of
studics involving, more intense analyscs of thet wpon: | response of physiologicand dielectric properties of
vegetation. Consequently, a design cffoit g, utiicr s enin order to facilitate the measurement scheme
necessary to carry out experiments thatinvolve continuouvslong-termmonitoring of canopy dielectric
properties [1]]. The dielectric monitor ing systin devdoped for this application incorporates [hr. PDP unit

with a switching network and data logger s ciibly that pecinits autonomous monitoring of dielectric
constantin a near-continuous fashion.

3.0 I.aboratory Measurements of Diclect r ic Constant

The average dielectric properies of theson | nedium depend upon bulk soil characteristics, such as
moisture, density, par(icle-size distribution, mircrslogy and fluid chernistry. Soil iscornmonly considered
to bc a four component system cousisting of »oil sclids, ar and water in tur n consisting of ‘bulk’ and
‘bound’ phases.

A number of studies [12,13] haveicporied or the diclecuic properties of rocks mostly as functions
of composition (mineralogy) and bulbdensity (1.¢, th: mass to volunie ratio of powdered specimens). A
reflection technique using an open-end coaxial probe was used to measvre the relative. permittivity of 80
terrestrial rock samples over the range from 08 18Ghz [ 13). The diclectiic ioss factor of these same
rocks was measured using resonant cavity techiigues atfive frequencies fiom1.6 -16 GHz. The real part
of the permittivity was found to be independert of frequency. Ihe e ffects of the specific density of rock
were found to account for approximately 50% of th variance. between rock samples using a geometric
mean fromulation. An additional 2&% of thevariance was found to be related to differences in bulk
chemical composition Of the samples that arciciat d tomineialogy. The 0SS tangent was always small and
found todccl-case. with frcquencyandval) byninsialclass: carbonate or silicate (subdividedinto volcanic,
plutonic and sedimentary } and also the bult chinicel compositio n . Dielectric loss was found to be poorly
correlated with rock density.

The microwave dielectric properiics o! bulk .nils were exarnined in th e laboratory by a number of
investigators in the 1970s [14, 15]. T bearctice I dicletncmixing fonnulations treating a two-component



systemof soil and water could not accountfirallc! the observedeffects. As a consequence, relatively
smple empirical models were developedtehiting e dielectiic behaviortoreadily measured bulk soil
physical properties such as density and parii- Jesize distribution{ 1,17- 19]. In addition, more complex
semi-empirical and theoretical mixing model-incorporating up to four-components (soil, air, bulk water
and bound water) were developed{19]. Thesepros idc better agreement with observations but are more
complicated and can require knowledgcof #iditio: &l soil properiies suchas cation exchange capacity,
salinity and specific surface. These studies sl thatthe soil dielectric propd ties arc primarily controlled
by moisture content, bulk density, texture andclay viineralogy. No studies have 1eported on the effects of
the organic content of soils.

Similar laboratory studies havepcl formed on the dielectric propertics of vegetation as functions of
density, moisture content and temperatuicend us: dto gencrate fairly simple expressions to estimate
vegetation dielectric properties fiot!l |18 Gtz viaw dual-dispersionmodel thatuses a sucrose solution to

model the behavior of ‘bound’ plantfluicds[29]). 11 modelhas been foundto work well for many plant
materials and the results compare favorablyto insifuobservations.

4.0 Insitu Measurement of Diclectyic (onstant

In situ measurements of diclec tric 1107 perties have been made as a component Of a number of
recentremote sensing investigations The BOS Synagism Study examined the temporal variability of the
optical 1eflectance and microwave backscatie ciuse | by diurnal change in canopy properties of interest to
ccosystem modelers [21]. The experimentwac desiyned specifically to address diurnal changes in canopy
water status, including water potential and veyeiztico water content, thatrelate to canopy transpiration. As
part of the synergism study, an I.band(].0 i) field portable diclecttic probe. was used to obtain
measurements of the dielectric constant ofttryvcgeiition and soil. 1)diuwrnal observations were made of the
soil surface, the main tree stems, the barkadthehigher order green ste ms. The most dramatic diurnal
changes in dielectric constant weic{oundir then mustems and the soil sur face. The diurnal behavior
observed in the diclectric Of the soil sutfaccinenple ned by inigation and subsequent drying processes. To
quantify behavior of the vegetation dielectiicconst-nt, a single tiee wasinstrumented to monitor the time
dependence of € in the main stem (trunk) z scveralselected heights. Probe tip depth increments were
selected [0 obtain a depth profile a depths of 1 (1, 2 an, 4cm, and 7.5 cinfora 15 e diameter  trunk.

The time dependence of ¢p was foundto be gieatest at the ? ¢ depth (nominally in the
hydroactive xylem tissue) and to varybyan o derof magnitude over @ 24 hour period.-I"he.rc was little
diurnal variation observed in the batk and the divros] variztion decreased with increasing depth into the
main stem. The drop in the trunk diclectiic comsiantin the afiernoon occws coincide ntally with the drop (to
greater necgative values) in xylemn waler potesitizt ollowing that, the nisein diclecttic constant in the late
afternoon and evening nearly coincides with the rise i water potential

In March 1988, a campaign was cancd O at the Bonanza Creck Experiniental Forest (BCEF)
ncar Fairbanks, Alaska, in order to cxamincthesen-onal tansitions in boreal forest with'synthetic aperture
radar (S AR) [10]. As part of fliatcanypaipgn, aPl)i' wasused tomeasurel -band diclectric properties in
white spr uce, black spruce and balsai poplartices. Data were collected as a function of depth into the tree

trunks on two dates with air tempeiatwes o 29'C0d-14°C. The freczing of the liquid water within the
trunks caused the dielectric constant of thetrvul«todiop froni 35 to below S for the species measured.

To develop a better understanding ¢f the ¢ lationship between ve getation dielectric constant and
vegetation physiologic activity, a numbeicf hicld exercises have been perforied using the single and
multi-channel dielectric monitoring systeissimconeitwithxylem sap flux and microclimate sensors that
allow for characterization of the. hydraubicrcsponcs of the vegetation. Duning 1994, several stands at the
Boreal Ecosystem-Atmosphere Study (BORIAS) in Canada were insttumented with this equipment
throughout much of the growing season(27,2%) Meanxylemdielectiic constant showed a decrease with
higher vapor pressure deficit and sap flux density Lurthe trend was ot significant. Individual trees varied

widely in trend and diurnal amplitude of >yl diclectiic constant change s. Similar results were observed
in previous studies in Alaska [24].

5.0 Radar Backscatter Response to Dielectric Constant

Results of field measurenientscarneidol with dielectric and hydrologic monitoring  equipment
have shown that @ 1ink exists between ¢ 41y wa o1 status znd dielectric constant. Thus, since  dielectric




constant is sensitive to changes in the canopy V aterst 11 Us, and since radar is sensitive O diglectric constant,
thenit should be possible to couple radarbacks arterto canopy water status via the dielectric constant, This
would greatly immprove our ability 1o estimatccancpy catbon, water and energy budgets using remote
sensing techniques.

A three. day series Of scattcrometerobsersations of a walnut orchard was obtained during the
August 1987 EOS Synergism Study (9]. As pa:t of the analysis of those mcasurements, the vegetation
dielectric constant measurements and cornicspondmgsoil and branch diclectiic measurements were used as
input to the MIMICS radiative transfer mode1 {?5]  Themodel successfully predicts the level of the
measured backscatter along with the decicasiig tierid in backscatter observed over the three day period.

Furthermore, MIMICS predicts the 1-2 d [i(lip.\(-.('nil(‘ovv anri 0%hvinthe carly afternoon each day.

5.0 Retrieval of Dielectric ConstantfroinBachscatter Mceasurements

Recently, a constellation of carth-orbiting synthetic aper ture radars has been put into place (i.e,
ERS- /2, JERS- 1 and Radarsat), and 1escarchi e rest has begun to focus on the inverse problem and the
development and demonstration of applications  One such area of application is the estimation of soil
moisture viaits dependence on the. diclecticpropertics of soil. The critical part is to deconvolve the effects
of geometric atuibutes (the soil surfacerovghn <) an | the e flects of any overlying vegetation from the
dielectric effects. All of these SAR systemsarcsinglopolarization and frequency systems, so multiple
channels of information arc. not available to estinstethese three, sets of parameters. However, on the basis
of single frequency polarimetric data, anenipitical ap,10ach was developed to estimate both moisture (via
the diclectric) and roughness by using polanzationratios [26] for bare soil (non-vegtetated conditions. This
approach was modified to usc only hhandvv pilanzerions and applicd to ait borne polanimetric SAR data
and SIR-C data obtained at 1.-band over awatesshed i Oklahoma[27].in applying the inversion
algorithm in the image domain for a timeseries of da 1+, the results show the spatial pattern of the dry-down
scquence over alarge area after saturating 1ains ‘Iheicchnique did not work very well for vegetated
conditions. A diffc.rent inversion algoritinnthat alSO vises polarizationratios at |.-band (hh and vv) was
devc.loped using empirical coefficients applicdtoasmplified first order solution to the integeal equation
method [28]; this algorithm solves for dic lecticconsti nt and two rovghness parameters. his approach has
aiso been tested using the same datafiom Oklatioma  The strengths and weaknesses of the two approaches
are compared by Wang [29]. All appioachcs solvefo dielectric constant and theninfer Soil moisture using
an empirical model along with some & ss uinption sabout propettics. At present, there arc no algorithms that
opperate well for soils covercct with vegetation{otherthan short grass).
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